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Role of the excited electron in the diffusion of interstitials in AgCl and AgBr

Chun-rong Fu and K. S. Song
Physics Department, University of Ottawa, Ottawa, Canada K1N 6N5
(Received 2 June 1998

The shallow electrons associated with certain impurities or interstitial silver in AgBr and AgCl are believed
to play key roles in some of the photoinduced processes. We have performed theoretical calculations on these
systems using a method developed earlier for excited electron centers in insulators. In both AgCl and AgBr
crystals the Frenkel-pair energies are found to vary monotonously as a function of the vacancy-interstitial
separation, which shows the energetical tendency of the interstitial diffusion toward the vacancy. To obtain the
very small activation energy of the interstitial silver diffusion, a simple model of quadrupolar deformation of
the Ag" ion is employed. We found that the barrier for diffusion from the second cell to the vacancy is
substantiale.g., 0.4 eY compared with a much smaller value far from the vacare,07 eV. The role of
the excited electron in silver diffusion is studied. Our calculation shows that the electron can be bound to the
silver vacancy in a diffuse orbital when an interstitial silver ion is present nearby. The diffuse electron is found
to further reduce the activation energy at moderate distance from the vacancy. Moreover, the large barrier in
the second cell from the vacancy was significantly reduced by the diffuse electron. Possible mechanisms for the
recently observed anomalous heat generation in photoexcited silver halides are presented.
[S0163-182629)04004-1

[. INTRODUCTION wise, studies of the phonon dispersion required the inclusion
of this deformability to reproduce experimental
In silver halides, there are well-known shallow electrondispersiong:® These studies clearly display the complicated
centers associated with €d and other divalent ions,or  behavior of silver ions in silver halides.
with interstitial silver ions® As the clustering of interstitial In this paper we present a theoretical study on the role of
silver ions into the formation of latent image is mediated byan excited electron in mediating the diffusion of the intersti-
conduction electrons, the role of shallow electron traps igial silver ions. The method we used is the same as those
very important. The defect or impurity-trapped electrons aredeveloped earli€® in the studies of the self-trapped exci-
generally considered to be in a shallow state, often describens in rare gas solids and ionic halides. A few electrons
by the effective mass approacHesRecent work by Kondo, (usually the excited electrorare treated in the Hartree-Fock
Goto, and Sakaidahas shown that in silver chloride and approximation and the lattice and polarization are treated,
bromide crystals, an anomalous amount of heat is generatedspectively, by the classical pair potentials and point polar-
after photoexcitation, and the effect lasts up to about terizable dipole approaches. In evaluating the electronic ener-
hours after the band-gap excitation has been terminatedjies of the diffuse state, the contribution of a large number of
They attributed it to the silver interstitial migration toward ions (about 800Dis taken into account. A limited number of
the cation vacancies mediated by excited electrons. In othexttoms, typically in the range of about 85, are explicitly re-
words, the excited electron assists in the recombination dfixed to new equilibrium position one at a time by evaluating
Frenkel defect pairs in the cation sublattice with high effi-the gradient of the total energy of the system. Details of the
ciency. method are given in Refs. 9 and 10. This is similar to the
Review$” of various experimental data have indicatedapproach used in a recent molecular dynamics study of ex-
the predominant defects in AgCl and AgBr are the Frenkekited ionic halide clusters:
pairs, consisting of interstitial silver ions and vacancies. The main results of our work are as followd) In the
lonic conductivity measurements and analyses have also irbsence of an excited electron, there is a monotonous de-
dicated that the interstitial silver ion has the dominant mo-crease of the total energy as a function of vacancy-interstitial
bility in AgCI with an activation energy for motion of 0.02— distance up to the second cell separation. The potential bar-
0.04 eV. The reasons for the low activation energy forrier between adjacent nearest-neighboring separations, e.g.,
mobility are thought to be related to the high polarizability of the third and fourth vacancy interstitial, is about 0.07 eV.
the silver ion in the lattice. This was demonstrated in theHowever, in the last stage of diffusion the barrier rises to a
modeling studies of silver ion mobility in AgCl by Jacobs much higher valuéabout 0.37 eV and 0.39 eV, respectively,
and co-worker§.Only with the inclusion of quadrupolar de- for AgCl and AgBJ. (2) An excited electron is found to bind
formation of the silver ion from spherical symmetry could at the silver vacancy in a diffuse orbifak<0.0075(atomic
the low activation energy for mobility be explained. Like- unit9 in Gaussian base exp(ar?)], although the more
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TABLE |. Pair potential coefficientsA, p, C are in atomic  tem we decided to scale the polarization energy by a param-
units. eter ¢ so that the calculated Frenkel-pair formation energy

agreed with experimental dafa.4 eV for AgCl and 1.1 eV
Coefficient Ag'-Ag™ Ag"-CI” CI"-CI" Ag"-Br~ Br-Br  for AgBr (Ref. 13, i.e.,

A 607.39 92.56 45.10 111.61 108.34 Erel —¢E (4
p 0.4479 0.6180 0.6073 0.6111 0.6274 pol™ ¢ pol -
c 374.88  367.38 12552 382.22  207.52 The optimizedt was found to be 0.65 for AgCl, and 0.59 for

AgBr, respectively.

. . . _ The polarizabilities used in the present work are 1.888 A
compact state is nonbindingx{0.015). This electron is for Ag*, 2.947 A for CI-, and 4.091 & for Br~.13
found to lower the barrier height somewhat even at larger T ’ ' '

separation(3) The diffuse electron has the most important
influence on the nearest-neighboring Frenkel pair and the
barrier height is reduced from about 0.4 eV to about 0.05 eV. We have developed earlier a package of methods to de-
(4) Both the vacancy-diffusion and collinear interstitialcy termine the structure and energetics of defects in insultating
mechanisms are effective in the last leg of interstitial"Ag crystals containing one or two excess electrons. The interac-
diffusion toward the vacancy. The results seem to be able ttion of the electron with the deep core orbital of the lattice
explain the observed heat generation reported by Kondapns is treated with the ion-size parameters originally formu-
Goto, and Sakaid. lated by Bartram, Stoneham, and G¥shand Zwicker®

This paper is organized in the following manner. In Sec.while the outers, p, and d orbitals are calculated directly
Il, the theoretical method employed is briefly described, andhrough interpolation formulas. The use of a floating 1
appropriate parameters used are given and discussed. Secti@aussian orbita]FGO) makes it practical to evaluate various
Il presents the interstitial Ag diffusion toward the vacancy short-range termgcreened Coulomb, exchange, and overlap
in the absence of the excited electron, then the effect of thintegralg efficiently. It also gives us the flexibility of placing
excited electron on the interstitial diffusion is described. Secthe Gaussians at appropriate positions in the crystal to best
tion IV concludes this work. represent the defect electron states.

The Hamiltonian of the system is given as

C. Treatment of the excited electron

Il. METHOD OF CALCULATION 1
A. Pair potential H=- §A2+VP|(V) +Vsdr)+Vex(r), 5
The pai ial is of the Buckingham form: _ :
e pair potential used is of the Buckingham form whereVp|, Vgc, andVey are point ion potential, screened
Vij=A;exp—r/p;j)—Cy I°. (1)  Coulomb potential and exchange potential, respectively.
The defect electron wave function is representedihy
There is a large van der Waals attractive term between th@hich is orthogonal to all the ionic orbitalg, . x,. IS
Ag" cations as was described in Ref. 12. This attractive ternthe A th occupied atomic orbital on theth atom.
has the effect of stabilizing the cation interstitials and so
accounts for the low Frenkel defect formation energy com-
pared to that for the alkali halides. The paramefeys pj; , |‘I'>:Ei Ci |¢i>—2 Xy Xyl 00 | (6)
andC;; taken from Ref. 12 are listed in Table I. &

where¢; is a floating 5 Gaussiar(exd — a;(r — R)2]). Ei-
B. Polarization energy ther Gaussians at different positions or different Gaussians at
We assumed that the ions behave as point dipoles witf€ Same position are used in the linear combination. The
polarizability equal to the free atomic polarizability. This is Problem now is solving the secular equation for the stte
acceptable when the overlap between neighboring ions i@nd its energye:
small.
The polarization energy is expressed as |Hi,J_ ESJ| =0. @)

oL L With the introduction of the ion-size parameters for deep
Epo=— > w(R)-E(R), (20 core and the interpolation formulas for the short-range en-
! ergy terms and overlap integrals, we can easily obtain the
- o - system energy and further determine the equilibrium con-
m(R)=aE(Ry), (3 figuration by minimizing the total energy with respect to the
relaxation of ions. The detailed expressions and correspond-

whereE(R)) is the local electric field produced by the defect o harameters are given in the Appendix.

electron and the lattice diftOFtiOEﬂz(FEi) is the dipole mo- The lattice configuration is optimized by minimizing the
ment induced on the ion &, . «; is the free atomic polariz- total energy E,,) Which is the sum of the lattice Coulomb
ability of ion i. energy Ecou). the lattice repulsive energf(y), the polar-

However, in silver halides the overlap between neighborization energy E,,) and the excited electron energg{eJ:
ing ions is not negligible. Because of the importance of the
polarization energy in the determination of the relaxed sys- Etota= Ecourt Erept Eport Eelec: (8
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TABLE II. Frenkel-pair energiegeV) at different separations. The vacancy is(@0,0, interstitial at
(x,0.5,0.5) in units of the half lattice constamt

X 0.5 15 25 3.5 4.5 55 6.5 7.5 el

E¢ (AgCl) 0.589 0.486 0.487 0.503 0.567 0.651 0.729 0.808 1.430
E¢ (AgBr) 0.490 0.269 0.301 0.323 0.366 0.444 0.560 0.620 1.155

In practice we calculated the energy gradients for indi-the alkali halides this is the only mechanism of reducing the
vidual ions, then all movable ions were placed at the newepulsive energy in the saddle point. However, the activation
positions. This cycle was repeated until the total energyenergy for Ag  migration is so small that the rearrangement
change is within a specified val(lere it is set at 0.005 @V  of the surrounding ions can never gain enough energy to

lower the barrier to about 0.1 eV. A further reduction in

IIl. RESULTS AND DISCUSSION overlap can only be achieved by the deformation of thé Ag
' ion. In this work we adopted the quadrupolar deformation
A. Frenkel-pair energy model proposed in Ref. 6. The assumed deformation is that

With the optimized scaling paramete<or polarization ~the mobile Ag ions are elongated along the migration di-
energy, the calculated formation energies of a Frenkel pafection by 2 and contracted symmetrically liyin the plane
are 1.43 eV for AgCl and 1.16 eV for AgBr. The Frenkel- normal to the direction of motion. The shape of the ion is

pair energies in various separations are also given in Tabius an ellipsoid _of revolution. The short-range interaction
1. between any two iongeformed or ngtwhose centers are at

One can easily see that starting from the second cell thé distancer apart can be calculated from the pair potential
Frenkel-pair energy varies monotonously as a function of th&!Sing an effective interaction distancg defined by
interstitial-vacancy separation. Therefore the interstitial ion _

I . . Fe=r+3r +4r,, 9
(Ag™); has the energetical tendency to diffuse toward the
vacancy. where
B. Quadrupolar deformation OMi=Tis= i (10

ri s is the radius of the original spherical ion andis the
radius vector of the first ion in the direction to the second; it
I- thereby depends on the quadrupolar deformation.

It has been shown by Kleppmarnand Jacobs and
co-worker§ that the deformation of the Agis an important
factor in determining the very small migration energy in si o ,
ver halides. As the mobile Agion approaches the collinear N Ref. 6 the barrier is assumed to occur at the configu-

interstitialcy (c) saddle point it must pass through the center/@tion in which the two mobile Ag ions are just located at
of an equilateral triangle of the three CI(Br~) ions 1, 2, their own saddle points simultaneously. The activation en-

and 3(see Fig. 1 Clearly the overlap can be reduced by the €r9y was then evaluated by taking the difference between the
outward movement of the nearest C{Br~) ions, and in energies of this barrier configuration and the reference con-

figuration, which holds an interstitial silver ion at cubic cen-

ter and other ions at normal sites. It is easily understood that

. CT or Br the repulsive interaction of the mobile Agon with its three

O A nearest Cl ions reaches the maximum at the saddle point.
Ax" vacanc Therefore, when one Agion is at its saddle point, the sec-

0 ' ond Ag" ion must relax to a certain position in the path

@ Deformed Ag' which may not be its own saddle point in general. This
(R) Regular Ag’ means that the two Agions can reach their own saddle
(@) Interstitial Ag points separately. To simulate the migration of the"Agns

the change in the deformation at different positions should be
taken into account. We propose the following approximate
formula to model the deformation along the migration path:

h
h=r—§r(2r0—r)e"’“‘r8)2, (11)
0

wherer = J3al4 (ais the nearest-neighbor distanés the
half length of the path, which starts from the interstitial po-
sition (cubic center and ends at the regular site or con-
FIG. 1. The migration diagrams of two deformed silver ions in Versely; I's is the distance between the geometrical saddle

AgCl or AgBr crystal.(a) Diffusion far from the vacancy via col- Point and the starting position of the mobile ion=r/3
linear interstitialcy mechanisntb) Diffusion from the cell next to ~ When starting position is an interstitial, og=2r /3 when

the vacancy via collinear interstitialcy patit) Diffusion from the  Starting position is a regular sitejs the moving distance of
cell next to the vacancy via vacancy-diffusion mechanism. the Ag" ion. The polynomiak (2r,—r) is introduced to en-
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TABLE lll. The barrier configuration and activation energy for AgCl and AgBr in the region far from the
vacancy. Coordinates are in units af

Type Coordinates of (Ag); and (Ag"), Energy termdgeV) Activation
(Ag+)i (Ag+)r ECouI Erep Epol Etotal EHGFQY(G\/)
AgCl (3.170.170.88 (2.65-0.351.35) 5.330 0.909 —-5.670 0.570 0.067
Reference energy 5.879 0.482 -5.857 0.503
AgBr (3.330.330.6y (2.83-0.171.17) 4.638 1.400 —5.659 0.380 0.057
Reference energy 5.614 0.527 —5.818 0.323

sure that the deformation is zero at the regular site or at theag™), it is from (3.0,0.0,1.0to (2.5~0.5,1.5). In practice
interstitial according to the symmetry, and the Gaussiane fix one Ag" ion in discrete positions and let the second

function is used to control the rate of deformation in thejon relax along the path to reach the minimum of system
path. The two parametehs, and 7 can be adjusted to obtain gnergy. The calculation shows that the barrier always ap-

the desired deformation and yield a reasonable migration €hears when one of the mobile Adons is at the geometrical

ergy. In this work we have usdg,=0.068& and »=0.25 for
AgCl, hg=0.07G and »=0.22 for AgBr.
The Ag" ion cannot deform without limit because of the
additional quadrupolar energy, which yields
3 2

per deformed ionKg is the anharmonic quadrupolar force
constant which, following Kleppmant,is taken to be
Kq=Kq[1=(2h/rpg+)]72, (13

wherer g+ is the radius of A which equals 1.26 A?and
the optimized value foKo is 0.60 eV A2

C. Migration of interstitial Ag * without electron

saddle point, and the barrier height greatly depends on the
deformation of the mobile Agions. Withh,=0.068 (a is
the shortest anion-cation distander AgCl, the calculated
activation energy is about 67 meV for AgCl, which com-
pares reasonably well with the experimental value. The de-
tailed results are given in Table III.

Here the reference energy is obtained by full lattice opti-
mization when the interstitial silver ion (AQ; is at the cu-
bic center(3.5, 0.5, 0.5 and other ions at normal sites. One
can find in Table Il that in AgCI the barrier occurs when
(Ag™), is at the geometrical saddle point, i.e., the center of
the triangle formed by the three Tlions 1, 2, and 3, as
shown in Fig. 1a), and the (Ag); relaxes to a position very
close to the regular sit€8.0, 0.0 1.0. In AgBr the barrier
appears when (Ag); is at the saddle point which is the
center of the triangle formed by three Bions 4, 5, and 6.

There are two possible interstitialcy diffusion mechanismsAs the ions CT' and Br differ in polarizability and ion size,

of (Ag"); ion considered here; the first is collineac), as
shown in Fig. 1a), and the second noncollineang). In the
first mechanism the interstitial Agion moves along the di-

the barrier configurations in these two systems are different.
However, in either of the two cases, there is always one
mobile Ag" at the geometrical saddle point. In this regard

agonal direction to push one of its nearest-neighboring Ag our result is different from that of Jacobs and co-workers.
ions on a regular lattice site into another interstitial positionThey assumed the two Agions are simultaneously at their
and itself occupies the lattice site of the displaced Agn.  respective saddle points. We also calculated the energies for
During diffusion the two ions jump in the same direction. In such configurations, which are 0.71 eV for AgCl and 0.53 eV
the second mechanism the two mobile "Agpns move in  for AgBr. These energies are obviously higher than the con-
different diagonal directions. Our calculation shows that thefigurations listed in Table Ill. Therefore it is unlikely for the
noncollinear interstitialcy path always gives a much highersecond mobile silver ion to occupy its own saddle point
barrier than the collinear one in the region far from the va-while the first one is at the corresponding saddle point. An-
cancy, therefore we have dropped this mechanism for nowother interesting feature is that the two mobile *Agpns
However, the situation is quite different when the interstitialkeep almost the same separation during the collinear migra-
silver ion is close to the vacancy. The so-called vacancyion course, which is about 2.49 A for AgCl and 2.50 A for

diffusion mechanisnfisee Fig. 1c)] also gives a barrier com-
parable to that of the collinear path.
We first discuss théc migration of the interstitial in the

AgBr, respectively. Considering the Agradius is about
1.26 A ' the two mobile Ag ions behave like a molecule
in the collinear interstitialcy diffusion. This is somewhat like

region far from the vacancy, which is placed at the origin ofin the so-called split interstitidf which consists of a pair of
the coordinate system. Without loss of generality, the interAg* with a bound electron located at a single lattice site.

stitial Ag™ ion, denoted by (A§);, is taken to be in the
third cell from the vacancy with the coordinaté3.5,0.5,
0.5). It then diffuses along the directidn-1,—1,+1], i.e.,
towards the silver ion at regular sit8.0,0.0,1.0 [see Fig.
1(a)]. This regular Ag ion, denoted by (Ag), , will simul-
taneously move in the same directipnr1,—1,+ 1] as the

Further calculation shows that the activation energy in the
region far from the vacancy is always smaller than 0.07 eV
for both AgCI and AgBr.

In the region close to the vacancy, some new features
emerge. To have a collinear interstitial diffusion path, the
reference configuration has been chosen with the interstitial

interstitial silver ion does. Therefore the diffusion path for Ag* at (1.5,1.5;-0.5) so that this interstitial Ag and the

(Ag"), is from (3.5,0.5,0.5 to (3.0,0.0,1.0, while for

regular Ag- at (1.0,1.0,0 can move along th¢ —1,—1,
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TABLE IV. The barrier configuration and activation energy for AgCl and AgBr in the region close to the
vacancy(collinear interstitialcy migration

Coordinates of (Ag); and (Ag"), Energy termgeV) Activation
Type (Ag+)i (Ag+)r ECoul Erep Epol Etotal EHGYQY(GV)
AgCl (1.211.21-0.21) (0.67 0.67 0.33 4.223 1.080 —4.481 0.821 0.365
Reference energy 6.243 0.110 -—5.897 0.456
AgBr (1.211.21-0.21) (0.67 0.67 0.33 2.354 1594 -—-3.277 0.672 0.389
Reference energy 5431 0.462 -5.610 0.283

&The reference energies are calculated when interstitial &gt (1.5,1.5-0.5).

+1] direction. After diffusion, the (Ag), at (1.0,1.0,0 along the different paths. It is worth mentioning that once the
reaches the interstitial positid0.5,0.5,0.5 and becomes the (Ag"); at (1.0,1.0,0 moves to the interstitial positio0.5,
new interstitial (Ag');, while the original (Ad); occupies 0.5:0.9 in the collinear path or positiof0.5, 0.5, 0 in the
the vacated lattice site.0,1.0,0. Another mechanism is the Vvacancy-diffusion path, it diffuses freely toward the vacancy
so-called vacancy mechanism, in which the {Agat (1.0, ~and recombines with it.
1.0, 0 moves along the directioh—1,—1,0] toward the
vacancy and finally recombines with the vacancy, while the
original (Ag"); moves to thg1.0, 1.0, 0 site. The two dif-
fusion mechanisms are illustrated in Figgh)land Xc). The Shallow electron centers in silver halides are created upon
system energy of the reference configuration was found to beptical excitation and are believed to play an important role
0.46 eV for AgCl and 0.28 eV for AgBr, respectively. Thesein the latent image formation process. It was suggested that
energies are lower than when the interstitial A at the  the intrinsic binding core consists of an interstitial fohut
cubic center of the central cell, i.60.5,0.5,0.5, which is, other models include a substitutional silver ion at a surface
respectively, 0.59 eV for AgCl and 0.49 eV for AgBsee  kink or an internal jog® Recently, the first electron-nuclear
Table 1). Therefore in the region close to the vacancy thedouble resonancéENDOR) spectrum of intrinsic shallow
activation energy must be substantial compared with thelectron centers in AgCl was used to determine the spatial
small value far away from the vacancy. The calculated redelocalization of the loosely bound electro model is
sults for the above two mechanisms are listed in Table I\Vsuggested in which an electron is weakly trapped by two
and Table V. adjacent silver ions on a single cationic site. All these works
Here the same deformation parameters as in the region famdicate that a shallow electron is associated with the inter-
from the vacancy have been used to calculate the barrierstitial silver ion. Kondo and his co-workers have adopted
Obviously the activation energy is much higher near the centhese models to explain the anomalous heat generation in
tral cell than in the region far from the vacancy. The reasomAgCl and AgBr single crystal3.They proposed that the
resulting in this large barrier is mainly due to the lattice trapped electron at an interstitial may screen the interaction
compression around the vacancy(8f0,0. By comparing  with the surrounding ions and therefore lower the activation
the repulsive energies in Table IV and Table IIl, one can findenergy of interstitial migration. It is an interesting problem
that for AgCI the repulsive energy difference between thehow the shallow electron actually helps the interstitial silver
reference configuration and barrier configuration is 0.97 eMon to migrate in the crystal.
in the central region, but only 0.43 eV in the far away region. We have investigated the interstitial migration by using
A similar situation happens to AgBr, too. As there have beerthe above two models, i.e., the electron is either trapped by
no experimental results reported for the collinear activatiorthe interstitial silver ion or bound to the split-interstitial cen-
energy near the central cell, we are not able to make accurater. For the first model, we have calculated the potential en-
comparisons. Although the calculation can be refined by opergy curve using different basis sets. Several Gaussians cen-
timizing the deformation parameters, the purpose of thigered on different positions along the diffusing path have
work is to study the effect of the defect electron on the dif-been tried(with «<0.010). Also, a single Gaussian on the
fusion of the interstitial Ag ion rather than to simulate pre- diffusing silver interstitial ¢=<0.010) has been tried. In all
cisely the defect migration. Therefore, the above results areases, we found that the electron does not induce the lower-
adequate to demonstrate the behavior of the mobile idgs  ing of the barrier height. The results turned out to be the

D. Effect of the excited electron

TABLE V. The barrier configuration and activation energy for AgCl and AgBr in the region close to the
vacancy(vacancy-diffusion mechanism

Coordinates of (Ag); and (Ag"), Energy termgeV) Activation
Type (Ag+)i (Ag+)r ECoul Erep Epol Etotal EHEFQY(G\/)
AgCl (1.21 1.21@ (0.50 0.50 0.0p 2.475 1.278 —2.820 0.932 0.476

AgBr  (1.08 1.080.08 (0.500.50 0.0p 1550 1508 —2.213 0.846 0.563
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TABLE VI. The barrier configuration and activation energy with electron in the region far from the vaceoltipear interstitialcy
migration.

Coordinates of (Ag); and (Agd"), Energy termgeV) Activation
Type (Ag+)i (Ag+)r ECouI Erep Eelec Epol Etotal EHEFQY(GV)
AgCl (3.210.21 0.79 (2.67—-0.331.33) 7.617 0.363 —3.493 —9.188 —4.701 0.050
Reference energy 8.878 —0.385 —3.296 —9.948 —4.751
AgBr (3.330.33 0.6y (2.81-0.191.19) 6.399 1.041 —4.497 —8.328 —5.385 0.039
Reference energy 7.013 0.300 —4.364 —8.373 —5.424

&The reference energies are calculated when interstitidl i&gat (3.5,0.5,0.5.

opposite of our initial expectation. This can be explained in In the region away from the vacancy we found that the
the following way: The electronic energy rises at the saddleshallow electron trapped at the vacancy can still lower the
point compared with its regular interstitial position becausebarrier height if the distance is modest, as shown in Table
the electron center gets closer to the three @I Br~ ions 4,  VI. In this case, the overlap of the diffuse wave function of
5, and 6[see Fig. 1a)]. Besides, the polarization of the local the shallow electron with the interstitial silver is not negli-
cluster becomes slightly weaker due to the screening effegjible. The results in Table VI are calculated under the same
of the electron. While the repulsive potential, which is the|attice configurations as in Table Ill. The barrier height de-
dominant part of the barrier, is not significantly influenced ;regses by about 0.02 eV in both AgCl and AgBr.

by the presence of the electron, the activation energy in this |, the nearest-neighboring cell the electron plays an even

model is the_reforg larger than W'th.OUt the electron. The_secr'nore important role. The results in the preceding subsection
ond model, in which the electron is represented by a singl

G . tered th dooint bet the interstiti dicated that without the electron the activation energy in
aussian centered on the midpoint between the Interstitigh e |5 stage of diffusion is over 0.30 eV for interstitialcy
and the regular moving silver ion, leads to a similar conclu-

X - . - migration and even higher for vacancy diffusion. With such
sion. Overall, our detailed calculations seem to indicate that T ) . . .
large barrier, it is almost impossible for the interstitial to

the conduction electron cannot assist the interstitial diffusiorf . .
by binding to the interstitial. recombine with the vacancy. However, the shallow electron

As it turned out, the excited electron can reduce the actilf@PPed at the vacancy helps to lower the barrier significantly

vation energy when it is bound at the silver vacancy in aP this step of diffusion. The detailed results are presented in
diffuse orbital. Especially, it makes a crucial contribution to Table VIl and Table V1. _

the Ag" migration in the last stage of diffusion toward the =~ Comparing Tables VII and VIII with Tables IV and V,
vacancy. The cation vacancy has an effective negative poirth€ can see that the barriers for both collinear interstitialcy
charge. The interaction between the cation vacancy and eleligration and vacancy diffusion have almost been removed
tron is always a repulsive one. It is true that a pure catiorby the electron. The barrier mainly results from the repulsive
vacancy(“pure” means there is no interstitial near the va- interaction of the Ag ion with three CI' or Br™ ions 1, 2,
cancy cannot be a trapping center of an electron. Howeverand 3. When the electron is trapped at the vacancy, the re-
the situation is different with an interstitial available in the pulsive energy dropped from 1.080 to 0.691 eV for AgCl,
system, especially when the interstitial is close to the vaand from 1.594 to 0.886 eV for AgBr in the collinear mecha-
cancy. In this case, the net background charge is zero. Thergism. It also decreased by about 0.47 eV in the vacancy-
fore the electron could be loosely trapped at the vacancy dudiffusion mechanism for both AgCl and AgBr. The decrease
to the attractive interaction of polarization and exchange efin the repulsive energy at the saddle point indicates that the
fects. We found that the optimized Gaussian base is less thdecal lattice surrounding the mobile Agions has expanded.
0.0075 a.u., depending on the separation between the intdBy examining the lattice distortion field, we found that the
stitial and vacancy. The larger the separation, the shalloweanions 1 and 2 experienced a small displacenfebbut

the electron. We have used an optimized Gaussian 0.0072 f6x09 A) with the electron at the vacancy, while without the
AgCl and 0.0052 for AgBr in this work, with the mean ra- electron the displacement is 0.23 A inward. These two ions
dius 5.0 and 5.9 A, respectively. This single Gaussian iplay the most important role in forming the barrier. Now that
centered on the vacancy. the electron can repel them to move away from the {Ag

TABLE VII. The barrier configuration and activation energy with electron in the region close to the va@zoiliyear interstitialcy
migration).

Coordinates of (Ag); and (Agd"), Energy termgeV) Activation
Type (Ag+)i (Ag+)r ECoul Erep Eelec Epol Etotal Enefgy(e\/)
AgCl (1.171.17-0.17) (0.67 0.67 0.38 6.869 0.691 —5.023 —7.541 —5.004 0.018
Reference enerdy 8.353 —0.497 —4.114 —8.764 —5.022
AgBr (1.171.17-0.17) (0.67 0.67 0.38 5.771 0.886 —6.050 —6.358 —5.751 0.012
Reference energy 7.431 —0.025 —5.244 —7.925 —5.763

2The reference energies are calculated when interstitidl isgat (1.5,1.9.5).
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TABLE VIII. The barrier configuration and activation energy for AgCl and AgBr in the region close to the vatamzancy-diffusion
mechanism

Coordinates of (Ag); and (Agd"), Energy termgeV) Activation
Type (Ag+)i (Ag+)r ECoul Erep Eelec Epol Etotal Enel’QIY(eV)
AgClI (1.06 1.060.06) (0.50 0.50 0.0p 5.119 0.801 —5.475 —5.427 —4.982 0.040
AgBr (1.06 1.060.06) (0.50 0.50 0.0p 3.488 1.040 —6.338 —3.900 —5.709 0.054
ion, the barrier certainly becomes smaller. The repulsive in- APPENDIX A:

teraction between the electron and the nearest-neighboring
anions results mainly from the Coulomb energy. After pass
ing the barrier, the two mobile silver ions can move freely

The matrix elements of Hamiltonian and overlap integral
can be expressed as follows:

:ﬁ\évr?]r.d the corresponding vacancies and recombine with Hij:<¢i|T|¢j>+<¢i|VPI(F)|¢j>
One may have noted that the electron is more diffuse in +(i|Vsd 1)+ Vex(N)| ;)
AgBr («=0.0052) than in AgCl &=0.0072), which means
the electron in AgBr can easily escape the trapping center so _ EC 4 AE _ N (AL
as to mediate the recombination of more Frenkel pairs. This % E DAl Xl ) (AL

is in accordance with the result that the heat generation iand
more efficient in AgBr than in AgCl.

Si=(il) =2 (DXl ey (A2)
IV. CONCLUSION v

) ] o . Here we have used E¢5) and
The role of the excited electron in the diffusion of inter-

stitial silver in AgCl and AgBr is studied. We found that the Xy ar [ Xyn) =8,y Ornr (A3)
electron can be bound to a silver vacancy in a diffuse orbital
. o . as well as
when an interstitial is present nearby. This shallow electron
enhances the silver interstitial diffusion toward the vacancy H|Xy,>\>:Ey,x|)(y,>\>:(E3A+AE7)|XM>- (A4)

generally. The most important role of the electron is to
greatly reduce the large barrier encountered by the interstitial £qyationgA3) and(A4) are based on the approxima-

in the cell next to the vacancy. Our calculation seems 1Qjon that there is no overlap between cores on different ions.

indicate that an electron trapped at an interstitial does nQljere E \ is the energy of the.th core orbital on theyth
Y

induce a lowering of the barrier height. The diffusion mecha-;i5 1 |t is the free atomic core ener&ﬂ . (e.g., taken from

nisms are also discussed in this work. It is found that in the[he Clementi Roetti tabl¥) shifted by the point-ion poten-
region far from the vacancy the collinear interstitialcy migra—tia| produced by the rest of the latticeE
v

tipn h_as much smaller activation energy than noncollinear Ao some manipulation, the two lowest order ion-size
diffusion. However, when the interstitial reaches the seconqemlS can be expressed as
cell the vacancy-diffusion mechanism leads to a barrier com-
parable to that of the collinear path. Therefore in this region
both mechanisms are considered for diffusion with and with- 2, (bilxy XXyl b)) =2 (F1B,+ 1K, +13K.),
out an electron. A Y

Based on the present work, we propose a mechanism to
explain the anomalous heat generation in AgCl and AgBr. - -
Due to the energetic gradient pointing toward the vacancy (&ilVsd(r) +Vex(r)] #;)
the interstitial silver ion can diffuse easily with modest ther-
mal activation energy until the cell next to the vacancy is -> (E3’A+AE7)<¢i|XM)(XM|¢j>
reached. At this point, however, a substantial potential bar- 12
rier prevents the recombination of the silver interstitial with
the vacancy. A photoexcited electron loosely bound to the =Z (flA,/+f2J;+f3J,/)
silver vacancy significantly reduces this barrier. The intersti- Y
tial silver ion then recombines with the vacancy nonradia-
tively and releases the Frenkel-pair formation energy to the
lattice in the form of heat. After recombination, the shallow on
electron becomes free again until it captures another intersti-
tial silver ion. Therefore the vacancy-interstitial recombina-Ag™ 38.47326 1.47029 3.14054 0.16224 4.45149 0.18883
tion can be carried on repeatedly as long as the conductiog|~- 26.20500 3.14300 3.59100 0.58700 5.73700 0.67900

electrons and the silver Frenkel pairs are available in thesy~ 33.91133 5.01791 8.02950 1.70585 8.75470 1.33958
crystal.

(A5)

TABLE IX. Deep core ion-size parameters.

A B J K J k'’
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TABLE X. Short-range potential interpolation parameters. TABLE XI. Overlap interpolation parameters.
lon Bsc Asc Bex Aex Ag”* cI- Br-
Ag* 1.04400 —10.77276 0.15440 —0.85956 By 1.90000 0.50000 1.10000
ClI- 0.38240 —4.27110 0.25888 —2.51634 Asovl 0.68115 0.56504 1.40270
Br~ 0.30624 —4.54650 0.19328 —2.02488 Ks 4.00000 4.00000 8.00000
E; (eV) —4.29518 —0.71014 —0.67924
Boo 1.05000 0.37500 0.35000
, Apoui 0.06572 0.36356 0.44269
+; AE(11By +ToK, +15K). (A6) Kp 4.00000 4.00000 5.00000
E, (eV) —2.96410 —0.12840 —0.13320
The A, B, J, J', K, K’ are the so-called ion-size pa- Bgou 0.85000
rameters which are calculated from deep core orbitals of frea,., 0.22504
ions [the summation oveh in Egs. (A5) and (A6) is re-  «, 4.00000
stricted to deep core shells oflyvhile the outermost shells E; (ev) -0.82467

are treated by interpolation. THg, f,, andf; are expan-

sion terms of the Gaussiap, they are functions depending . . .

only on the Gaussians and the vector joining them to the jon_ 't Was found that two Gaussians with their exponents re-

site. Iatfef_d by a simple ratio could give the overlap integral fits of
The interpolation formulas for screened Coulomb, ex-> icient accuracy:

change potential, and overlap integrals fitted to exact values 2 2
are (il xx)=N" f & (Nfe P+ A, o NZe ™ Prov™ I d 7,

. (A9)
(b Veer (D) 1) f &% (F) Asc,ye_gsc”lr_Rylz(ﬁ (F)d Herex denotes the, p,d orbitals, respectivelyk, is the ratio
. r Y= ! r —— (r T, M 1 X
1esey . ' R . of the exponents of the two fitted Gaussians, which is deter-
(A7) mined together withA,,,; and Byo, by the least squares fit-
ting procedureN’, N}, andN* are normalization factors.

- _ —5 2 All the parameters used in this work are listed in Tables
<¢i|VEX,'y(r)|¢j>:f d’rAEX,'ye BEX'ylr Ryl dr. (AS) IX=XI. P

Ir=R,|
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